CA3 Mossy Fiber Connections: Giant Synapses that Gain Control  by Chater, Thomas E. & Goda, Yukiko
Neuron
PreviewsCA3 Mossy Fiber Connections:
Giant Synapses that Gain ControlThomas E. Chater1 and Yukiko Goda1,*
1RIKEN Brain Science Institute, 2-1 Hirosawa, Wako-shi, Saitama 351-0198, Japan
*Correspondence: goda@brain.riken.jp
http://dx.doi.org/10.1016/j.neuron.2012.12.024
Neurons compensate their synaptic strengths to global changes in network activity. In this issue of Neuron,
Lee et al. (2013) provide evidence in mature hippocampal networks that this homeostatic plasticity is
achieved uniquely at the mossy fiber synapses on CA3 neurons.A central concept in neuroscience
contends that neural circuits are not
hard wired but are modified by experi-
ence. Hebbian synaptic plasticity—long-
term potentiation (LTP) and depression
(LTD)—represents cellular mechanisms
for driving such experience-dependent
changes in synaptic circuits (Kessels
and Malinow, 2009, Collingridge et al.,
2010; Nicoll and Schmitz, 2005). To coun-
terbalance possible runaway potentiation
or depression from cumulative LTP or
LTD, homeostatic synaptic plasticity
(HSP) has been proposed as a mecha-
nism that acts to restrain neural activity
within physiological boundaries (Turri-
giano, 2008). In contrast to Hebbian
plasticity that is associative and input
specific, homeostatic plasticity is thought
to involve cell-wide adjustments in syn-
aptic strength. There now exists a large
body of work in vitro and in vivo showing
that systemic increase or decrease in
neuronal firing rates, often achieved by
applying drugs for hours or days, bidirec-
tionally alters synaptic strength in a
manner compensatory to the activity
manipulation imposed. The changes can
affect both the pre- and the postsynaptic
efficacy or synapse number, and at
excitatory synapses, HSP could be de-
tected as altered miniature excitatory
postsynaptic current (mEPSC) amplitude
and frequency (for reviews, see Vitureira
et al., 2012; Pozo and Goda, 2010; Turri-
giano, 2008).
A prominent feature of HSP in young
dissociated cultures is the uniform scaling
of synaptic AMPA receptors in single
neurons. This helps to preserve the rela-
tive differences in the strengths of neigh-
boring synapses, and thus HSP can,4 Neuron 77, January 9, 2013 ª2013 Elsevierin principle, counteract network activity
changes without compromising input-
specific information stored as Hebbian
changes. Nevertheless, locally imposed
chronic activity perturbations can elicit
synaptic strength changes in subcellular
domains. While such an experimental
approach illustrates the sufficiency of
local activity change in inducing HSP,
a compelling converse demonstration in
which a global activity manipulation elicits
HSP in a defined subset of synapses has
been lacking (but see Thiagarajan et al.,
2005). In contrast, in hippocampus in vivo
or in hippocampal slice cultures that
retain much of the native synaptic con-
nectivity, chronic ‘‘global’’ activity manip-
ulation induces nonuniform scaling of
synaptic strengths. This has raised ques-
tions of whether a global HSP in dissoci-
ated cultures that uniformly scales all
synapses is a feature of young, devel-
oping neurons or an outcome of the loss
of native synaptic connections (reviewed
in Pozo and Goda, 2010).
A previous study from Kim and Tsien
(2008) has addressed whether the HSP
response of a given neuron is governed
by the native circuitry it is embedded in.
The hippocampus lends itself to such
an analysis due to its well-defined archi-
tecture and synaptic connections. The
three excitatory neurons, the granule
cells in the dentate gyrus (DG) and the
pyramidal neurons in the CA3 and CA1
regions, form hippocampal throughput
synapses, DG/CA3 and CA3/CA1, in
which DG cells receive inputs from the
entorhinal cortex. Of note, CA3 neurons
receive DG inputs from the mossy fiber
(MF) axons in their proximal dendrites,
which form large synapses composedInc.of presynaptic MF boutons and post-
synaptic giant spines called thorny
excrescences (TEs). CA3 neurons also
receive extensive recurrent connections
from other CA3 neurons and inputs
from the entorhinal cortex in their distal
dendrites.
Kim and Tsien (2008) demonstrate in
hippocampal slice cultures that pro-
longed activity deprivation with tetro-
dotoxin (TTX) causes differing HSP
responses depending on the connec-
tions: synaptic strength is increased at
the CA3/CA1 and the DG/CA3
synapses but is decreased at the CA3
recurrent synapses. At first glance, given
the compensatory nature of HSP, a
decrease at the recurrent excitatory CA3
synapses is unexpected. However, a
closer look shows that this decrease
serves to counteract network reverbera-
tion, thus revealing an additional layer of
compensatory response. These findings
highlight how wiring and activity levels
conspire together to selectively modulate
the strengths of specific connections in
the circuit.
The latest exciting study by Lee et al.
(2013) further underscores the connec-
tion-specific nature of HSP by identifying
a key role for the mossy fiber DG/CA3
synapses in mediating HSP. Moreover,
by taking advantage of simple in vitro
hippocampal circuits, their study sug-
gests that inherently DG/CA3 connec-
tions could be the main loci in which
HSP is expressed in mature hippocampal
neurons (Figure 1).
Previous work by Pak and colleagues
has given hints that HSP is expressed
nonuniformly in cultured hippocampal
neurons with proximal dendrites
Figure 1. Inactivity Drives Connection-Specific Upregulation of MF-
TE Synapses that Are Located on Proximal Dendrites of CA3
Pyramidal Neurons
Left: within the hippocampal circuitry synapses between the granule cells
of the dentate gyrus (DG) and CA3 pyramidal neurons are specifically
strengthened in response to activity blockade. Right: in a mature CA3 neuron
in vitro, synapses with features of presynaptic mossy fiber (MF) boutons
and postsynaptic thorny excrescences (TEs) located on proximal dendritic
branches show structural and functional changes to chronic network activity





ing synapses upon chronic
activity elevation (Pak and
Sheng, 2003; Evers et al.,
2010; Lee et al., 2013). Here
Lee et al. (2013) have carefully
examined the spatial speci-
ficity of HSP in mature hippo-
campal neurons cultured for
at least 3 weeks. Global
activity modulation with TTX
and picrotoxin (PTX) alters
mEPSC amplitude and fre-
quency bidirectionally, but
when mEPSCs are triggered
locally by hypertonic solution,
prominent changes occur at
synapses close to the soma
with little changes at more
distal synapses. Immunolab-elling for AMPA receptors and post-
synaptic density proteins PSD-95 and
Shank also supports the preferential
bidirectional changes at proximal
dendrites. Importantly, this nonuniform
HSP is specific to mature cultures; young
cultures at 12 days in vitro show robust
cell-wide HSP, as has been found
previously.
Strikingly, using cell type-specific
markers to discriminate DG, CA3, and
CA1 neurons, the bidirectional HSP of
proximal synapses is found on CA3
neurons, with inputs onto DG and CA1
cells showing little HSP. Moreover, the
proximal synapses that undergo HSP
recapitulate the hallmark features of
MF-TE synapses: the unique morpho-
logy, sensitivity to mGluR2 agonists,
and enrichment for an adhesion pro-
tein complex component, afadin, and
a synaptic vesicle protein, synaptoporin
(SPO). Collectively, these findings
emphasize that in mature neurons HSP
occurs locally and that the capacity for
HSP is limited to the MF-TE synapses
on CA3 neurons. Because MF-TE
synapses are highly effective in depola-
rizing CA3 neurons above their firing
threshold, Lee et al. (2013) propose that
targeting MF-TE synapses for HSP might
be an efficient way to control the output
of hippocampal circuits without com-
promising Hebbian synaptic changes at
other hippocampal connections.
Lee et al. (2013) further extend their
work in two important respects. First,they demonstrate a requirement for pre-
synaptic SPO in TTX-induced upregula-
tion of DG/CA3 synapses in vitro by
shRNA-mediated knockdown approach.
This is an exciting finding of a specific
role for a synaptic vesicle protein in regu-
lating HSP, as despite the identification of
many synaptic vesicle proteins, to date,
their precise function remains elusive for
the majority. It would be of interest to
determine exactly how SPO facilitates
neurotransmitter release and whether
SPO is also involved in the converse
process of the activity-induced decrease
in synaptic strength.
Second, Lee et al. (2013) test in vivo the
capacity for selective HSP of MF-TE
synapses. By dosing animals with either
diazepam (a positive allosteric modulator
of GABAA receptors) or PTX to inhibit or
elevate neural network activity, respec-
tively, bidirectional changes in TE size
occur at the DG/CA3 synapses without
a change in spine density. They have
also explored the involvement of Polo-
like kinase 2 (Plk2) in homeostatic TE
regulation. Previous work has identified
a requirement for Plk2 in HSP induced
by epileptic activity (Seeburg and Sheng,
2008), in which elevated activity induces
Plk2 expression in a gradient in which it
is high in proximal dendrites and low in
distal regions. Active Plk2 in turn targets
Ras and Rap signaling to downregulate
proximal spines and their AMPA recep-
tors (Pak and Sheng, 2003; Lee et al.,
2011). In the present study, first usingNeuron 77, Januarycultured neurons, Plk2 over-
expression is found to selec-
tively interfere with TTX-
induced giant cluster synapse
formation, while a dominant-
negative Plk2 overexpression
under basal condition is
sufficient to increase the size
of proximal but not distal
synapses. Complementing
the in vitro analysis, trans-
genic mice with a forebrain-
specific overexpression of
a dominant-negative Plk2
show a striking overgrowth
of TE elaborations in the
hippocampal CA3 area.
Therefore, in addition to
SPO, Plk2 is also a candidate
molecular regulator of HSP
of MF-TE synapses.In consideration of findings highlighting
the MF-TE synapses as the main loci for
HSP in mature hippocampal cultures,
the in vivo work raises outstanding issues.
Because in vivo experiments have
focused on the morphological plasticity
of TE, whether both functional and
morphological HSP are confined to the
DG/CA3 synapses in an intact animal
remains to be clarified. For example,
a previous in vivo study of HSP in the adult
rat hippocampus has found robust
changes in mEPSC frequency in CA1
neurons (Echegoyen et al., 2007). In
hippocampal slice cultures, chronic TTX
treatment produces synaptic strength
changes not only at DG/CA3 synapses
but also at CA3/CA1 and recurrent
CA3 synapses (Kim and Tsien, 2008).
Curiously, in mice overexpressing a
dominant-negative Plk2, similarly to CA3
neurons, CA1 neurons also have more
and larger spines along their proximal
dendrites (Lee et al., 2011). Although
this could be a gain-of-function effect of
exogenously overexpressing Plk2, the
possibility that connections other than
DG/CA3 could also express HSP and
that this HSP could be biased to proximal
synapses remains an open question. In
systems that preserve the intact hippo-
campal circuitry, the divergence from the
seemingly strict expression of HSP at
the proximal MF-CA3 synapses found in
dissociated cultures could be due to the
presence of robust inhibitory circuits and
the structured pattern of activity.9, 2013 ª2013 Elsevier Inc. 5
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PreviewsThe present study provides insights
into the reported discrepancies on the
mode of expression of HSP by establish-
ing in hippocampal neurons a cellular
basis for the developmental switch in
the spatial and connection specificity of
HSP. The next challenge will be to iden-
tify how the proximal MF-TE synapses
are targeted and regulated for this kind
of gain control. Whereas the inducible
gradient of Plk2 expression could
provide at least part of the answer, it is
not clear how the regulation of Plk2
changes during development, how the
overall neuronal activity levels control
the Plk2 expression gradient, and how
Plk2 signaling acts in concert with other
molecules implicated in HSP. Moreover,
is the developmental switch in the
mode of expression of HSP coupled to
the maturation of MF boutons and the
concomitant elaboration of TE struc-
tures? A recent work has identified
a role for cadherin-9 in the formation of
MF-TE synapses (Williams et al., 2011).
Since many adhesion proteins regulate
synapse function beyond their role in
synaptogenesis, cadherin-9 could poten-
tially play a role in HSP that is unique to
MF-TE synapses. Conversely, SPO,
which is required for MF-TE HSP, could
also have a role in MF-TE synapse
formation. The molecular players that
regulate DG/CA3 plasticity provide
tools for exploring the in vivo physiolog-
ical function of DG/CA3 HSP, for
instance, in identifying its role in hippo-6 Neuron 77, January 9, 2013 ª2013 Elseviercampus-dependent behaviors using
mouse models. The dentate gyrus is en-
dowed with the capacity for adult neuro-
genesis. It would be of interest to deter-
mine how the heterogeneity of the
maturity of DG/CA3 connections re-
sulting from the integration of adult-
born immature DG neurons impact the
homeostatic modulation of hippocampal
circuit and the physiological processes
that depend on them.
This work provides a strong body of
evidence supporting the exciting conclu-
sion that the DG/CA3 synapses in the
hippocampal circuit can act as indepen-
dent homeostatic gain control units. Lee
et al. (2013) hypothesize that such regula-
tion by spatially restricted but highly
potent MF-TE synapses can effectively
modulate overall hippocampal network
activity while leaving the information en-
coded in the rest of the circuit intact.
However, the extent to which the relative
synaptic strengths of other synapses is
truly left intact after HSP of MF-TE
synapses warrants further studies. Other
regions of the brain may also contain
correlates of homeostatic gain control
loci akin to MF-TE synapses in the hippo-
campus. Interplay of many forms of
synaptic plasticity allows an organism
to encode memories and maintain
homeostasis in the face of environmental
perturbations, the failures of which are
implicated in many brain diseases. How
neurons and circuits manage this is key
to our understanding of the brain.Inc.REFERENCES
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